To study non-enveloped virus cell entry, a versatile in vitro model system was developed in which liposomes containing nickelchelating lipids were decorated with His-tagged poliovirus receptors and bound to virus. This system provides an exciting opportunity for structural characterization of the early steps in cell entry in the context of a membrane. Here we report the three-dimensional structure of a poliovirus-receptor-membrane complex solved by cryo-electron microscopy (cryo-EM) at a resolution of 32 Å . Methods were developed to establish the symmetry of the complex objectively. This reconstruction demonstrates that receptor binding brings a viral five-fold axis close to the membrane. Density is clearly defined for the icosahedral virus, for receptors (including known glycosylation sites) and for the membrane bilayer. Apparent perturbations of the bilayer close to the viral five-fold axis may function in subsequent steps of cell entry.
Infection by a non-enveloped virus requires that either an inner nucleoprotein core or a viral genome crosses a cellular membrane, a process that remains poorly understood. Poliovirus provides an excellent model system to address this process. The virus has a simple organization, consisting of a protein shell of known structure 1 enclosing an RNA genome. Its cellular receptor has been identified 2 , and the entry pathway has been characterized extensively. The poliovirus receptor (Pvr) has three extracellular immunoglobulin domains, a transmembrane region and a cytoplasmic tail 2 . The ectodomain can be transferred to a variety of anchors 3 , including a glycosylphosphatidylinositol anchor 4 , and remain fully functional, demonstrating that neither the transmembrane nor the cytoplasmic domain is essential for infection. At physiological temperature, receptor binding initiates uncoating by triggering an irreversible conformational change to form a 135S intermediate [5] [6] [7] . During this transition, VP4 and the N-terminal extension of VP1, both internal components of the viral capsid, become exposed and insert into membranes 8, 9 .
Electrophysiology studies have shown that native virus bound to membrane-tethered Pvr alters the membrane conductance properties at room temperature 4 , and that further changes take place upon heating to physiological temperature. These changes have been attributed to the membrane insertion of VP4 and the VP1 N terminus after conversion to the 135S entry intermediate 4, 9, 10 . Genetic data for poliovirus have shown a direct correlation between channel formation and RNA release, suggesting that these channels function in cell entry 9 .
The structures of soluble forms of picornavirus cell entry intermediates have provided some insights into virus-receptor interactions and receptor-induced conformational rearrangements [11] [12] [13] [14] [15] [16] [17] but lack the context of a membrane. Conversely, studies of virus entry by light or electron microscopy, or by electron cryo-tomography 18 have not provided high-resolution information about the critical steps. Here we describe an in vitro liposome-based model system that offers an opportunity for detailed biochemical and structural characterization of a virus-receptor complex in the context of a membrane. In this model system, nitrilotriacetate (NTA)-containing lipids are used to produce liposomes decorated with His-tagged Pvr. At room temperature, receptor-decorated liposomes capture virus in its native form. Exposure of such complexes to physiological temperature is known to induce structural changes in the virus that are indistinguishable from those observed during infection (T. Tuthill (University of Leeds), D.B., D. Rowlands (University of Leeds) and J.M.H., unpublished data).
In this article we report the three-dimensional structure of the poliovirus-receptor-liposome complex. The complex was formed at room temperature and then flash frozen; its structure was determined by cryo-EM at a resolution of 32 Å . The assembled complex represents a molecular machine poised to deliver a viral genome into its target cell.
RESULTS

Two-dimensional cryo-EM images
Examination of cryo-EM fields of virus-receptor-liposome complexes revealed a population of liposomes of fairly uniform size in which there are multiple instances of viral attachment (Fig. 1) . Upon closer inspection of the point of attachment, where the virus particle and liposome are nearly side by side in the plane of the projection, density for the receptor is often visible between them (Fig. 1b) . In these views receptor molecules appear to be splayed away from vector normal to the plane of the membrane, and the particle center is estimated to be 220 Å from the membrane. Determining the symmetry of the complex Symmetry constraints have made it possible to derive relatively highresolution three-dimensional reconstructions from cryo-EM images of icosahedral viruses. However, in this study, the (inherently lower) symmetry of the complex was not known in advance, and the shape of the bilayer was expected to be variable away from the viral binding site. To address these problems, we temporarily introduced an unambiguous fiducial mark (a high-intensity 'dot') in a subset of 117 images (Fig. 2a) . This dot identified the point that is one end of the shortest vector between the membrane surface and the center of the virus, and served as a proxy for the membrane contact point. In two-dimensional projection, a variety of vector lengths were observed, reflecting the diversity of particle orientations. The orientation of the virion in each of the undotted images was determined by standard single-particle methods, using a native virion as reference, and assuming icosahedral symmetry (see Supplementary Methods online). These orientations applied to dotted images produced a reconstruction that showed a prominent dot along each five-fold axis at 221 Å from the virion center (Fig. 2b) . This distance is similar to the estimate of 220 Å for the distance derived from the fully decorated virus-receptor complex 14 , assuming that the virion binds five copies of the receptor about its five-fold axis ( Fig. 1c) and is 20 Å shorter than the distance predicted for a three-fold approach. The presence of a single well-defined dot in the three-dimensional reconstruction, its position and its statistical significance (Fig. 2) provide the first experimental validation of a widely accepted model in which the virus approaches the membrane along its five-fold axis 12, 17 , and demonstrates that the complex forms a homogeneous population with a well-defined structure.
Five-fold symmetric reconstructions
A dot was added at the appropriate position to a native reconstruction, and this model was used as a reference in determining the orientations of complexes in the subset of 117 dotted images, assuming five-fold symmetry. When these orientations were applied to undotted images to create an unbiased (undotted) reconstruction, portions of the membrane and receptor began to appear. This additional density, together with density corresponding to a scaled and oriented native virus reconstruction, was included in search models with no further reference to dots in subsequent cycles. Additional images were added at several stages of this iterative reconstruction process. In the final cycles, the search model consisted entirely of the reconstruction from the previous cycle. Successive improvements in orientation parameters led to the appearance of better defined density for receptor molecules and membrane. The final map, calculated by standard methods 19, 20 , was derived from 609 complexes and has a nominal resolution of 32 Å , as assessed by Fourier shell correlation 21 using a conservative 0.5 threshold value (see Methods and Supplementary Fig. 1 online) .
The structure of the poliovirus-receptor-liposome complex The reconstruction of the native poliovirus-receptor-liposome complex (Fig. 3 , Supplementary Video 1 online) demonstrates that five receptor molecules bind to the virus and orient it with a five-fold axis directed toward the membrane. The density level for the receptor, together with the high local concentrations of both receptors and receptor binding sites, strongly suggest that all five receptor sites are fully occupied. In the complex, receptor binding brings the prominent star-shaped feature on the virion surface close to the membrane. Densities for the virus, membrane and receptor, including prominent glycosylation sites in domain 2 of the receptor, are clearly defined. Although only fivefold symmetry was imposed in the reconstruction, the features of the virus closely resemble those seen in the icosahedrally symmetric native form 1, 14 . In addition, virus and receptor densities in the current reconstruction overlay extremely well with electron density derived from a higher resolution reconstruction of receptor-decorated native poliovirus in solution 14 (Fig. 3b) . The quality of the density for the virus and receptor, the appearance of icosahedral features in the capsid and the consistency of the density for the receptor with the previously reported reconstruction of the soluble binary complex provide compelling objective confirmation of the validity of the methods used to solve this structure.
The morphology of the membrane component is striking. Near the periphery of the complex, the membrane appears to form a canonical bilayer of the expected thickness. However, where the bilayer approaches the virus, a strong density feature extends toward the virus (Fig. 3a-c) , with projections that are substantially (B25 Å ) offaxis. The off-axis position of the density feature, together with the lack of unexplained density elsewhere along the five-fold axis, strongly suggest that this feature is not due to the accumulation of noise on a symmetry axis. If the reconstruction is contoured at a sufficiently low level (as in the Supplementary Video 1 online), an additional set of five spherical density features appears on the outer surface of the membrane (Fig. 3d) . Although their significance is not completely certain, each feature is located immediately adjacent to the predicted position of the C terminus of domain 3 of the receptor 14, 16 . These features may thus represent part of the connection between the ectodomain and its membrane anchor. The density connection becomes more apparent at lower contour levels, and in gray-level representations (Fig. 3c and Supplementary Video 1 online) .
DISCUSSION
The reconstruction supports previous proposals that the viral five-fold axis is involved in interactions of externalized polypeptide sequences with membranes and is the probable site of RNA translocation 12 .
Although more than five receptors may be recruited to the virus as it is enveloped by membrane during cell entry, the current reconstruction of the minimal complex provides a model for the initial interaction of virus with receptor on the cell surface, and it establishes the preferred orientation of the virus for attachment. The structure demonstrates how receptor binding positions, orients and primes the viral machinery for cell entry.
Binding of the virus to membrane-anchored receptor seems to perturb the canonical bilayer in a way that may be relevant to early events in membrane penetration and cell entry. The appearance of a strong density feature protruding toward the virus is consistent with a local perturbation of the bilayer, which could explain the changes in membrane conductance during pore formation induced by receptor binding at room temperature 4 . There are several possible explanations for the apparent perturbation: (i) Formation of the virus-receptor complex could cause a structural distortion of the outer leaflet of the bilayer; (ii) complex formation could induce selective partitioning of lipids within the footprint of the complex, here, the electron-dense Ni 2+ -chelating NTA lipids, which were used to anchor the receptor. Either of these could prime the membrane for the insertion of viral peptides during subsequent steps in cell entry. (iii) It is also possible that receptor binding at room temperature facilitates breathing similar to that observed for free virus at 37 1C (ref. 22) , resulting in transient global or local exposure of viral peptides, which then associate with membrane.
The reconstruction of native virus bound to receptor-decorated NTA-liposomes represents a proof of principle demonstrating that the three-dimensional structures of membrane-bound complexes of mixed or unknown symmetry can be determined. The versatile nature of the NTA-liposome interaction with His-tagged receptor, combined with the new structural methods demonstrated here, will allow this system to be applied broadly to study other virus-receptor complexes, internalized virus-receptor complexes and late cell entry intermediates in the context of membrane.
METHODS
Sample preparation. The type 1 Mahoney strain of poliovirus was propagated in HeLa cell suspension culture and purified by CsCl density gradient as described 23 .
Soluble poliovirus receptor (sPvr), consisting of the ectodomain (amino acids 1-337) with a His 6 tag at the C terminus, but lacking the transmembrane and cytoplasmic domains, was expressed and purified as described 24 . Purified sPvr was a gift from Vincent Racaniello. A lipid mixture containing phosphatidylethanolamine, phosphatidylcholine, sphingomyelin, cholesterol and phosphatidic acid in molar ratios of 1:1:1:1.5:0.3 with 10% (w/w) DOGS-NTA and 1% (w/w) rhodamine-PE was dried under argon gas and desiccated overnight under vacuum. The lipid film was rehydrated in 50 mM HEPES, pH 7.3, 50 mM NaCl and extruded through a membrane with 0.1-mm pores. Then, 50 ml of 1 mg ml À1 liposomes were incubated with 0.03 mg of sPvr for 10 min before the addition of 16.5 mg of native virus. An aliquot of 2.5 ml of the virus-receptor-liposome mixture was incubated for 1 min at room temperature and loaded onto a glow discharged Quantifoil holey carbon grid (SPI) and flash frozen in liquid ethane as described 25 . Because the complex is maintained well below the temperature required to produce 135S particles, the virus is expected to remain in its native conformation.
Image acquisition. 122 micrographs were recorded at a magnification of 50,000 using a FEI Tecnai F20 microscope at a defocus range of 2-4 mm underfocus. Micrographs were digitized using a SCAI scanner (Z/I Imaging) at a step size of 7 mm corresponding to 2.69 Å per pixel.
Image processing. A total of 1,049 complexes were windowed individually in X3D (ref. 26 ) and corrected for the phase reversal of the contrast transfer function with Bsoft 27 . Origins and orientation parameters for each complex were determined using a modification of PFT 19 altered to use both phase and amplitude information in orientation selection. Three-dimensional reconstructions were computed using a Fourier-Bessel algorithm in EM3DR (refs. 19, 20) .
Five-fold symmetric reconstruction. While determining that the complex had five-fold symmetry (see Supplementary Methods online), an icosahedrally symmetric reconstruction of the virus was produced (Fig. 2b) having 12 intense dots, one above each of the five-fold peaks of the virus. One of these dots was masked out and added to a cryo-EM reconstruction of native virus 15 , scaled and oriented appropriately. The resulting construct was temporarily used as a reference object for a five-fold symmetric (C5) orientation search in PFT to determine preliminary orientation parameters for the dotted images. The resulting orientations were then applied to the original unmodified images using the reconstruction program EM3DR to obtain a five-fold symmetric three-dimensional reconstruction of the virus-receptor-liposome complex with no artificial modifications. Although this reconstruction could serve as a reference model for subsequent orientation searches, better statistics were obtained when the virus component was replaced with the more feature-filled 23-Å 160S reconstruction 15 . That model was used to determine the orientations of complexes in the larger data set, and the resulting orientations, in a five-fold symmetric reference frame, were used to calculate an improved three-dimensional reconstruction. This procedure was iterated until receptor density and icosahedral features of the virus were resolved. After that, orientation searches implementing a model composed entirely from the previous reconstruction resulted in the calculation of a new reconstruction with no loss in resolution, as judged by a Fourier shell correlation 40.5 (see Supplementary Fig. 1 online) . Several weighting schemes were examined, and it was determined empirically that better results were obtained by multiplying the intensity of the virus component of the reference by three. In the final round of orientation determination a mask was applied to the reference object.
Windowed particles included in the final three-dimensional reconstruction were selected on the basis of their correlation coefficients (compared with reference projections) and confirmed by the correct positioning of the virusmembrane contact point (controlled by two of the Eulerian angles), which was assessed visually. The final reconstruction, based on commonly used and wellestablished reconstruction methods 19, 20 , was calculated from 609 selected images. These 609 projections produce a fairly uniform sampling of the set of possible orientations in a five-fold symmetric reference frame (Fig. 2d) . The reconstruction has a nominal resolution of 32 Å (29 Å for virus alone, 30 Å for virus and receptor).
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
